The partitioning of the whey protein lactoferrin, which is an iron transporter glycoprotein, in an aqueous two-phase system composed of poly(ethylene glycol) (PEG) and sodium citrate was evaluated. Equilibrium data at 25
Introduction
New insights into purification strategies for biotechnological products are in demand to reduce production costs. Alternative bioseparation techniques are needed to (i) maintain biologically active molecules; (ii) achieve a high degree and one salt (such as poly(ethylene glycol)/sodium phosphate) in water at a certain concentration and temperature. The two phases consist primarily of water (between 70% and 90%) and provide an adequate environment with favourable conditions for biomolecule distribution, in addition to a low cost of implementation and ease of scale-up (Albertsson, 1986; Coimbra and Teixeira, 2010; Zaslavsky, 1995) . ATPS are used to concentrate and purify whey proteins (Alves et al., 2000; Anandharamakrishnan et al., 2005; Capezio et al., 2005; Silva et al., 2009 ). These proteins have high biological and functional value and confer technological and nutritional properties to food products. Lactoferrin (Lf) is an important whey protein because of its (i) anti-inflammatory, antimicrobial, antioxidant, and immunomodulatory properties; (ii) association with other biological functions, such as anticancer, proteolytic, and enzymatic activities; and (iii) use as a food supplement, such as in infant formula, yoghurt, skim milk, drinks, and pet foods, in skin care and personal hygiene products, such as lotions, creams, and face wash, moisturisers, and antioxidants; and in oral care products, such as mouthwash, mouth gels, toothpaste, and chewing gum (Baker and Baker, 2005; Coimbra and Teixeira, 2010; Moore et al., 1997; Steijns and van Hooijdonk, 2000; Ward et al., 2005) .
Lactoferrin and bovine lactotransferrin belong to the group of glycoproteins that are known as transferrins, which have a molar mass of approximately 80,000 Da with 689 amino acid residues, including all of the essential amino acids. Because of its capacity to reversibly bind to iron ions, lactoferrin occurs in two forms: hololactoferrin, which is saturated with iron, and apolactoferrin, which does not contain metal and is predominantly found in milk (Baker and Baker, 2005; Moore et al., 1997; Steijns and van Hooijdonk, 2000; Ward et al., 2005) . Lactoferrin has a highly alkaline character with a pH between 8 and 9, probably due to three important concentrations of positive charges in its basic residues: (1) at the N-terminal region (residues 1-7); (2) along the outside of the first helix (residues 13-30); and (3) in the inter-lobe region, close to the connecting helix (Baker and Baker, 2005) .
Knowledge of the equilibrium data for a system is required to successfully use ATPS to partition lactoferrin. The literature contains equilibrium data for various polymer-polymer ATPS, such as poly(ethylene glycol) (PEG) + dextran (Albertsson, 1986) , PEG + maltodextrin (Machado et al., 2012) , PEG + (ficoll, ucon, or hydroxypropyl starch) (Madeira et al., 2008) ; and polymer-salt, such as PEG + potassium phosphate (Silva et al., 1997) , PEG + citrate salts (Marcos et al., 1999; Oliveira et al., 2008b; Tubío et al., 2006) , PEG + sulphate salts (Oliveira et al., 2008a) . Polymer-salt ATPS are the most commonly used systems for biomolecule partitioning because of the greater differences in density and viscosity among the phases, which reduces the phase splitting time and allows for the easier handling of the phases. ATPS equilibrium parameters are affected by the nature of the added salt and polymer, by the pH and temperature of the system, and by the presence of other compounds (Albertsson, 1986; Coimbra and Teixeira, 2010; Zaslavsky, 1995) . An aqueous two-phase system that has potential for lactoferrin partitioning is a system composed of PEG and sodium citrate. It should be emphasised that sodium citrate is biodegradable and non-toxic and can be discharged from plants for biological wastewater treatment . The transfer of lactoferrin between the phases can be evaluated by using the protein partition coefficient, which is defined as the ratio of the protein concentration in the top phase to that in the bottom phase. Several factors, such as temperature, pH, system composition, the molar mass of the polymer, and the ionic species, as well as the specific characteristics of the lactoferrin (size, hydrophobicity, and surface charge) influence the protein transfer between the phases Nascimento et al., 2010; Oliveira et al., 2009; Porto et al., 2011) .
The objectives of this study were to evaluate the partitioning of lactoferrin in aqueous two phase systems composed of poly(ethylene glycol) and sodium citrate and to characterise the system according to the polymers with average molar masses of 1000 and 4000 g mol −1 , a polymer concentration between 14% and 21% (w/w), and pH values of 5.5, 6.5, and 7.5 at 25 • C. Binodal curves and tie-lines for the studied systems were also obtained.
2.
Materials and methods
Chemicals
Lactoferrin was donated by FrieslandCampina DMV (Veghel, Nederland). Poly(ethylene glycol) (PEG) with average molar masses of 1000 g mol −1 (PEG1000) and 4000 g mol −1 (PEG4000) were purchased from Sigma-Aldrich (St. Louis, MA, USA) and Merck (Darmstadt, Germany). Sodium citrate was supplied by Riedel-de Haën (Seelze, Germany), and citric acid monohydrate was obtained from Pronalab (Lisbon, Portugal). All chemicals were of analytical grade and used without further purification. Double distilled and deionised water was used in all experiments (Milli-Q, Millipore Inc., Bedford, MA, USA; 18.2 M cm).
Equilibrium data
Phase diagrams were characterised by binodal curves and tielines. Binodal curves were determined using the cloud point method . Stock solutions of PEG (1000 and 4000; 50% w/w) were prepared and then stored at 4 • C. Concentrated solutions (35.3%, w/w) of sodium citrate at pH values of 5.5, 6.5, and 7.5 were prepared by adding a citric acid monohydrate solution (1.2 mol kg −1 ) to tri-sodium citrate dehydrate solution (1.2 mol kg −1 ) until the desired pH was reached (CRISON, MicroTT 2050, Spain) . The system pH was measured and was close to the pH of the stock citrate solution. Appropriate amounts of PEG solution, citrate solution, and water were mixed in glass tubes to obtain a heterogeneous system (2 g total mass). The tubes were vigorously shaken and kept in a thermostatic water bath (Grant Instruments, England) at (25 ± 0.1) • C for 20 min. Subsequently, a known amount of water was added to the tube until a homogeneous system was obtained. Additional binodal points were obtained by adding sufficient PEG stock solution dropwise to produce turbidity, followed by the addition of a small amount of water to clarify the system. Weighing was done using an analytical balance (Ohaus, Explorer Pro, Model EP214DC, Switzerland) that was accurate to ±0.2 mg.
The initial composition of the mixture used to construct the binodal curve (PEG, citrate, and water) and the amount of PEG or water added (to produce turbidity or to clarify the system) to the mixture were used to calculate the total system composition, which provided the points in the binodal curve. Each observed binodal curve was adjusted to the empirical Eq.
(1) as follows (Merchuk et al., 1998) :
where, y and x are the respective polymer and salt compositions (mass fraction), and a, b, and c are adjustable parameters without a clear physical meaning. These parameters were obtained by least-squares regression. The end points of the tie-lines (nodes) were obtained experimentally by analysing the composition of the conjugated phases at equilibrium. ATPS with compositions listed in Table 1 were prepared (% w/w) in 15 mL graduated tubes to achieve a total system mass of 15 g. The mixture was shaken vigorously, centrifuged for 10 min at 1470×g (Hermle Z36HK, Germany) to accelerate phase settling, and then allowed to equilibrate in a thermostatic water bath for at least 24 h. The volume of the top and bottom phases was measured in a graduated cylinder. The phases were withdrawn with a pipette for the upper phase and a syringe with a long, thin needle for the lower phase. The density of each phase was obtained with a pycnometer that had previously been calibrated with water at 25 • C.
Citrate was quantified by isocratic elution using high performance liquid chromatography (Jasco equipment, AS2057 plus, PU880, UV270 plus, Japan). Samples were injected with a 20 L loop. The column was a Varian MetaCarb 67H (300 mm × 6.5 mm) (USA), with a Chrompack (Nederlands) column heater (60 • C). The mobile phase was 0.01 N sulphuric acid, with a flow rate of 0.7 mL min −1 . The eluent was monitored by UV absorption at 210 nm. The citrate concentration was calculated from a standard curve.
The PEG concentration was determined via the measurement of the refractive index of each phase (Bellingham + Stanley Limited, England). Because the refractive index is an additive property, the PEG concentration was determined after correcting each reading for the citrate contribution. The corrections were made using linear standard curves for the salt. These standard curves were determined separately for aqueous solutions of PEG1000 and PEG4000 with concentrations between (1 and 50)% (w/w) and for salt with concentrations between (0.05 and 1) mol L −1 . Because the citrate was quantified by the chromatographic method described above, the salt refractive indices were used as independent terms in the standard curve constructed for the polymer. Mass balance was used to calculate the water content in each phase. All determinations were performed in duplicate.
The tie-line length (TLL) and the slope of the tie-line (STL) were calculated according to Eqs. (2) and (3),
where, P is the difference in the PEG concentration between the top and bottom phases and S is the difference in the salt concentration between the top and bottom phases.
Lactoferrin partitioning in aqueous two-phase systems
ATPS with the same composition defined in Section 2.2 were prepared. Appropriate amounts of PEG stock solutions, citrate, water, and lactoferrin were weighed using a balance with a precision of ±0.2 mg (Ohaus, Explorer Pro, Model EP214DC, Switzerland), to obtain a total mass of 5.0 g for the desired system composition. In all systems, the lactoferrin concentration was equal to 0.5 mg mL −1 at the global point. The amount of lactoferrin in the system was three times the concentration in the whey to ensure the reliability of the results. After mixing by manual inversion for 1 min, the system was centrifuged at 1470×g for 10 min (Hermle Z36HK, Germany) to achieve complete phase separation. Subsequently, the tubes containing ATPS were maintained in a thermostatic bath (Grant Instruments, England) at (25 ± 0.1) • C for 20 h. After reaching thermodynamic equilibrium, the volume of each phase was measured, and a sample of each phase was removed for posterior quantification of the protein content. All experiments were performed in duplicate.
The protein was quantified according to the Bradford method (Bradford, 1976) , using the Coomassie Plus reagent (Pierce, USA). The samples were placed on microplates (NUNC, Denmark) and the absorbance was monitored at 595 nm (microplate reader, Spectrophotometer Varian Cary 50, USA). A standard curve was determined from a pure lactoferrin solution at different concentrations. The interference of PEG and citrate on the protein measurement was corrected by using each phase without protein as a blank. The value for the protein concentration used in the calculations was the mean value of at least three measurements, with a minimum of two repetitions for each partition experiment.
The distribution of lactoferrin in each system was evaluated using the protein partitioning coefficient, K P , as expressed by Eq. (4):
where, [Pr] Top and [Pr] Bottom are the protein concentrations in the PEG-rich phase (top phase) and in the salt-rich phase (bottom phase), respectively. This coefficient can be interpreted as a measure of the level of protein separation via the extraction process.
To select the system with the greatest lactoferrin purification capacity, the theoretical protein recovery in the bottom phase, y(%), was calculated by using Eq. (5) (Oliveira et al., 2009) :
where, R corresponds to the ratio between the volume of the top and bottom phases. The experiments were performed in duplicate. Table 1 shows the equilibrium data, the tie-line length (TLL, Eq. (2)), and the slope of the tie-line (STL, Eq. (3)) for PEG (1000 and 4000) + sodium citrate ATPS as a function of the pH (5.5, 6.5, and 7.5) at 25 • C. The water content in each phase was calculated using the mass balance of the components (%PEG + %salt + %water = 100%).
Results and discussion

Equilibrium data
As observed in Fig. 1 , the binodal curve became more asymmetric and closer to the origin with increased polymer molar mass. Thus, the polymer molar mass increase caused the biphasic region increase. A similar behaviour of the binodal curves was also described for traditional PEG + phosphate systems (Silva et al., 1997) and for PEG + citrate systems (Marcos , 1999; Tubío et al., 2006) . Such behaviour might be due to the increase in the incompatibility among components of the system after mixing. Therefore, a tendency towards a lower quantity of components in promoting phase splitting was observed with an increase of component incompatibility in the system. This tendency was more pronounced in systems that contained a high concentration of sodium citrate and PEG with a high molar mass due to an increase in the hydrophobic characteristics of the system. In Fig. 1 , the binodal curves show similar shapes at all tested pH values. The ratio between trivalent and divalent citrate ions (pK a = 6.4) increases with the increase in the pH value. Because trivalent ions are more effective in phase separation, smaller citrate concentrations were necessary for the two-phase formation, which is in agreement with the results of Marcos et al. (Marcos et al., 1999) . Fig. 2 illustrates the tie-line behaviour for PEG4000 + citrate ATPS (5.5 pH and 25 • C) and the corresponding linear regression model for each tie-line.
For each ATPS, the Merchuk equation (Merchuk et al., 1998 ) was successfully used to adjust the experimental data for the binodal curve. Coefficients a, b, and c of Eq. (1) and the coefficients of determination (r 2 ) are given in Table 2 . The exclusion of PEG from the salt-rich bottom phase can be observed. Similar results have been reported in the literature (Machado et al., 2012; Silva et al., 1997) . Table 3 shows data for the partition coefficient, the top phase volume, the bottom phase volume, the volume phase ratio, and the theoretical recovery of lactoferrin in the bottom phase for different values of pH and tie-line length. The protein was concentrated in the salt-rich bottom phase (K P < 1) with a recovery percentage higher than 94% for all of the systems studied. The protein was characterised by partition coefficients less than 1, which indicated a greater affinity with the bottom phase. However, a direct relationship between the volume phase ratio and the partition coefficient was not observed, likely due to the simultaneous influence of other thermodynamic variables on the partitioning, e.g., the component concentration and the pH value. In contrast, lower values of K P were associated with higher theoretical recovery values.
A wide range of K P has been reported for other bovine whey proteins. For instance, PEG + sodium citrate ATPS were used to partition glycomacropeptide with a K P of 33.41 . PEG 1500 + potassium phosphate ATPS were used to partition ␣-lactalbumin and ␤-lactoglobulin with K P values of 12.614 and 0.063 (Rojas et al., 2004) , and 8.0 and 0.056 (Alves et al., 2000) , respectively. PEG 1500 + potassium phosphate ATPS were used to partition BSA, ␣-lactalbumin, and ␤-lactoglobulin, with a K P of 10, 27, and 0.07, respectively (Capezio et al., 2005) .
Influence of the ATPS composition on K P .
Two molar masses of PEG at three different global compositions and pH values were prepared for each PEG-citrate ATPS to evaluate the relationship between K P and the biphasic system composition. The influence of the molar mass of the polymer on protein partitioning has been shown by various researchers (Albertsson, 1986; Azevedo et al., 2009; Boaglio et al., 2006; Coimbra and Teixeira, 2010; Marcos et al., 1999; Nascimento et al., 2010; Oliveira et al., 2009; Porto et al., 2011; Tubío et al., 2006; Zaslavsky, 1995) . From Table 3 , lactoferrin partitioning in PEG + citrate ATPS is affected by the molar mass of PEG. The extent of lactoferrin partitioning was lower for PEG that had a lower molar mass (1000 g mol −1 ). PEG 4000 + citrate ATPS yielded the most appropriate K P values for the lactoferrin separation, which ranged from 0.019 to 0.001. In such ATPS, the lactoferrin concentration in the salt-rich bottom phase was 52 to 1000 times higher than that in the polymer-rich top phase. Another important factor to consider is the volume phase ratio. For all systems studied, the volume of the phases was approximately equal. Along the same tie-line, K P remained constant if the volume phase ratio was changed by increasing the salt-rich phase volume. However, the protein migration to the salt-rich phase showed a higher increase. Thus, PEG + citrate ATPS are potentially useful for effective lactoferrin recovery. For most ATPS analysed, an increment in the lactoferrin partition coefficient was observed with the quantities of polymer and salt present in the system were increased (and consequently, the TLL increased).
Biomolecule partitioning depends on a number of factors such as hydrophobic properties, the addition of salts, the electrical potential between phases, molecular size, and molecular configuration. The hydrophobic effect is defined as an unfavourable interaction between nonpolar substances or moieties of molecules with water. The hydrophobic effect can be responsible for the low solubility of some biomolecules (Silva et al., 2007) . In all ATPS, lactoferrin showed a strong tendency to become concentrated in the salt-rich bottom phase (K P < 1) (Fig. 2) . Such behaviour indicates that the lactoferrin is strongly hydrophilic because the hydrophobicity of the PEG-rich top phase is higher than that of the bottom phase (Carneiro-da-Cunha et al., 2014) . Generally, positively charged proteins selectively partition to the bottom phase, whereas negatively charged proteins prefer to migrate to the top phase in a PEG/salt ATPS (Albertsson, 1986) . The lactoferrin molecule had a net positive charge (pI ∼ 8.5) over the pH Table 3 -Top phase volume (V t , mL), bottom phase volume (V b , mL), volume phase ratio (V t /V b ), lactoferrin partition coefficient (K p ), lactoferrin theoretical recovery y (in the bottom phase, %) for PEG + sodium citrate ATPS as affected by pH, tie-line length, and PEG molar mass at 25 • C. Boaglio et al. (2006) described the affinity of ␤-lactoglobulin, bovine serum albumin, and alpha-1 antitrypsin for the citrate rich-phase in a PEG + citrate ATPS. In addition, the protein transfer to one of the system phases requires breaking the interaction between the phase components to create a cavity where the protein can fit. Therefore, the energy balance can be negative or positive, depending on whether the protein/polymer interactions are attractive or repulsive. These interactions can be expressed by using the thermodynamic parameter Gibbs free energy ( G • ). Generally, entropy contributions cause the protein to partition to the phase that has the greatest concentration of water molecules. During the protein partitioning in an ATPS composed of a polymer/electrolyte mixture, entropic forces act to concentrate the biopolymer in the salt-rich bottom phase due to its greater numerical density (Johansson et al., 1998) . The bottom phase has a greater number of molecules by volume unity than does the polymeric-rich top phase, which is mainly attributed to the higher water content in the saline phase (Table 2) .
Conclusion
Equilibrium data for aqueous two-phase systems formed by PEG 1000 + sodium citrate and PEG 4000 + sodium citrate were determined at pH values of 5.5, 6.5, and 7.5. In general, the biphasic region was observed to shift in the direction of the origin axes with an increase in the molar mass of the polymer. In fact, the higher the polymer molar mass was, the lower the amount of salt was necessary to induce the phase splitting. The lactoferrin partitioning behaviour in a PEG-citrate ATPS indicated that the protein was extracted into the salt-rich bottom phase. The best ATPS condition for lactoferrin partitioning was 10% (w/w) PEG4000 and 14% (w/w) sodium citrate (pH 5.5), which concentrated the protein 1000-fold in the saltrich bottom phase. Considering the potential for industrial applications of isolated lactoferrin in food and in therapeutic fields, the results of this work are relevant for the downstream process design of protein purification.
